Abstract-High spatial resolution imaging with terahertz pulses is implemented with a novel collection-mode near-field probe. The spatial resolution capabilities of the system are in the range of few micrometers. We demonstrate resolution of 7 m using 0.5-THz pulses and discuss performance of the collection-mode near-field probes and image properties.
I. INTRODUCTION

I
MAGING technology has progressed rapidly into the terahertz region of the electromagnetic spectrum during the last few years [1] , owing to development of the terahertz timedomain (or terahertz time-resolved) spectroscopy (THz-TDS) technique [2] , [3] . This method covers a wide spectral window from 0.1 to 40 THz. The system employs a small power in the terahertz beam, but it has exceptional sensitivity. This combination makes the THz-TDS system a powerful tool for far-infrared imaging [4] - [7] .
The long wavelength of the radiation, however, limits spatial resolution of conventional terahertz imaging systems due to diffraction [1] , [4] . Near-field scanning imaging techniques avoid this drawback and improve spatial resolution significantly. Various methods based on this approach have been demonstrated, pushing the resolution capabilities to several tens of micrometers [7] - [11] . Among them is a dynamic aperture approach that potentially can improve resolution to a few micrometers [11] . However, application of this method is limited to semiconductor surfaces and images are related to the concentration of photogenerated carriers. In this paper, we present an imaging method that provides very high spatial resolution. This scanning method is based on detection of the electric field of the terahertz pulses transmitted through an object using a probe with a subwavelength aperture.
The resolution capabilities of this method are considerably better than the wavelengths of the employed terahertz radiation (120-1500 m). Furthermore, the resolution is independent of the wavelength. The combination of the near-field microscopy scheme with the THz-TDS technique allows for study of the temporal evolution of the electromagnetic field in the near-field zone of objects. The broadband terahertz source allows spectroscopic applications on a micrometer scale.
A spatial resolution better than the wavelength can be achieved if the evanescent components of the field scattered by the object are detected. The evanescent field exists only within a short (compared to the wavelength) distance from the object. Detection of the evanescent field is possible by introducing an aperture-type probe into the near-field region. The local field in front of the aperture determines waves, which couple into the probe. These waves carry information about an area of the object, where the probe is placed. By scanning the object in front of the probe, one constructs a near-field image. Spatial resolution of this method is defined by the aperture size and is not limited by diffraction.
II. EXPERIMENTAL SETUP
The terahertz near-field imaging setup is presented in Fig. 1 . Electromagnetic pulses with a central frequency of 0.5-0.6 THz are generated by the transient current in a photoconducting (PC) switch excited by optical pulses from a mode-locked Ti-sapphire laser ( nm, fs). The repetition rate of the laser system is 80 MHz. The terahertz beam is focused on the object through a transparent substrate by means of two off-axis parabolic mirrors. The beam waist in the object plane is 2 mm [full-width at half-maximum (FWHM)], which is much larger than the objects used in the experiments. Therefore, the illumination can be considered uniform. The near-field probe is located behind the sample at a distance of 1-2 m. The probe consists of a small aperture in a metallic screen and a PC antenna that detects terahertz pulses.
Generation of the terahertz pulses is slowly modulated (12 kHz) by applying an alternating bias to the emitting PC switch. The detecting antenna in the probe is gated by the optical pulses from the same laser. Photocurrent in the antenna, induced by the incident terahertz field, is measured using a lock-in amplifier. A variable time-delay stage allows for the time-domain sampling of the terahertz pulses. An automated -translation stage scans an object in front of the probe. The near-field images are constructed either at a fixed time delay or in the time domain for every position ( ). The terahertz transducers, terahertz optics, and object are enclosed into a vapor tight box purged with nitrogen gas to reduce absorption and dispersion due to water vapor.
A schematic diagram of the near-field probe is presented in Fig. 2 . A square shape entrance subwavelength aperture of size (5-50 m) is lithographically defined on a surface of the probe in a 600-nm gold film evaporated on a GaAs layer. A GaAs protrusion through the aperture enhances field coupling into the probe. The PC planar antenna is embedded between the thin layer of GaAs (3-10 m) and a sapphire substrate. The antenna is fabricated on a 1-m-thick low-temperature grown GaAs epilayer. The sapphire substrate supports the structure while allowing the optical pulses to gate the antenna from the substrate side. The details of the probe fabrication are described elsewhere [12] .
III. NEAR-FIELD PROBE
A. Probe Sensitivity
Most of the incident terahertz power is reflected from the metallic screen, and coupling into the probe aperture is extremely weak [13] . Probe sensitivity, however, can be improved by efficient detection of the coupled terahertz field [12] . The electric field that exists behind the illuminated subwavelength aperture consists of modes with real and imaginary longitudinal -vectors [14] . The latter are usually referred to as evanescent modes. The amplitude of the evanescent modes is significantly larger than that of the propagating modes (real ) at a short distance from the aperture ( ) [15] . At a distance approximately equal to the aperture size, their contribution is comparable. The amplitude of both mode types decreases as distance increases, but decay is much more rapid in the case of the evanescent modes. Only the modes with real wavenumbers can transfer energy to the far-field zone ( ). Consequently, the evanescent modes are not detected in conventional collection-mode near-field microscopy.
In our probe design, the detecting antenna is placed close to the aperture ( ). Therefore, not only the propagating, but also the evanescent modes of the radiation coupled into the aperture radiation contribute to the measured filed. As a result, the sensitivity of the near-field probe improves.
The advantage of the electric field detection in the vicinity of the aperture is demonstrated by comparing the probes with different separation between the aperture and the detection point. The thickness of the GaAs layer in the probe determines the separation between the aperture and the detecting antenna. We fabricated probes with a 30 30 m aperture and a GaAs layer ranging between 7 and 110 m.
The terahertz beam is normally incident on the aperture plane. The on-axis amplitude of the electric field of the terahertz pulse is plotted as a function of the distance from the aperture in Fig. 3 . The amplitude is normalized to that of the incident terahertz pulse. The electric field amplitude decreases very quickly as the detection point moves away from the aperture. The sensitivity of the probe with m is an order of magnitude higher than that of the probe with m. To evaluate the relative mode contribution to the signal at different distances , we calculated the amplitude of the evanescent components of a m wave incident on a 30-m-diameter aperture. The result is shown by the solid curve in Fig. 3 . The curve is normalized to the amplitude of the incident field. The calculations, based on the modal approximation [15] , distinguish waves with real and imaginary wavenumbers. The wavelength of 430 m corresponds to the spectral maximum of the terahertz field measured by the probe. Note that the space behind the aperture is filled with a high refractive index material that reduces the effective wavelength. The detecting antenna is located between GaAs ( ) and Al O ( ). In spite of the single wavelength approximation, the calculated evanescent wave amplitude function agrees well with the experimental data at , where contribution of the evanescent modes is dominant. Starting at distance m, which corresponds to in normalized units, the calculated amplitude of the evanescent modes becomes smaller than the measured amplitude. This fact confirms the diminishing contribution of the waves with imaginary -vector at larger . The evanescent field significantly contributes to the detected signal only at . However, there is a practical limitation on the GaAs layer thickness. The gating optical pulse can penetrate through the thin semiconductor layer (absorption coefficient of GaAs is 10 cm ) and reach the object through the aperture of the probe. This impact is undesirable, since it can change the optical properties of the object, for example, by generating photocarriers.
B. Resolution
Spatial resolution of the near-field probe is defined by the aperture size. To demonstrate it, we performed an edge resolution test on the probes with different aperture sizes. Boundary conditions for the electric field at a metallic edge are different for the two principal polarizations (parallel and perpendicular to the edge). If the edge is oriented parallel to the polarization of the incident terahertz pulse, then the electric field in the plane of the object exhibits a sharp contrast between the metallic and the open areas [18] . This sharp field contrast is used as a perfect edge object. The near-field image of it, therefore, gives an estimate of the spatial resolution of the probe.
The edge object is prepared by depositing a 600-nm gold film on one-half of a dielectric (GaAs) substrate. The edge is scanned over the probe at a distance m. Fig. 4 shows the detected electric field amplitude as a function of the edge position with respect to the 5-m aperture probe ( m). The electric field is measured at a fixed time delay of the gating optical pulse corresponding to the peak amplitude of the terahertz pulse as shown in the inset of the figure. The signal contrast is developed over a sample translation of 7 m (10-90% criterion). The resolution test on the probes with larger apertures showed that spatial resolution scales with the aperture size.
The spatial resolution of the system is wavelength-independent. It is demonstrated by measuring the time-domain waveforms for every position of the edge with respect to the aperture. The spectral content of the field is obtained by applying the Fourier transform to the time-domain data. Fig. 5 shows the edge profile at various frequencies measured using the 10-m aperture probe ( m). Identical resolution curves are obtained for a wide spectral window (0.2-2.5 THz) limited only by the noise level. 
C. Aperture Size
A limiting factor that prevents use of very small apertures for high resolution is the substantial reduction of the transmitted power as the aperture size decreases. According to the Bethe-Bouwkamp theory of transmission through a subwavelength aperture [16] , [17] , the electric field amplitude of the transmitted radiation decreases as the third power of the aperture size. The transmission coefficient is also frequency dependent, and, therefore, the near-field probe exhibits a nonuniform frequency response due to the aperture. To study reduction of the transmitted field with the aperture size, we tested probes with apertures ranging from m to m. All probes are fabricated with the GaAs layer of 4 m. Due to temporal deformation of the pulses in the transmission process, attenuation is correctly represented in terms of the integrated intensity of the terahertz pulse ( ) rather than the peak amplitude. The rms values of the measured waveforms are shown as solid symbols in Fig. 6 . The measurements are in good agreement with the behavior. The peak amplitude of the detected terahertz pulse as a function of the aperture size is shown by open symbols for comparison. The electric field values are normalized in the same manner as in Fig. 3 .
Below the aperature cutoff ( ), the transmission coefficient of the aperture increases with frequency [16] . Therefore, the spectral content of the transmitted pulse shifts to higher frequencies compared to the incident pulse spectrum. Fig. 7(a) shows the normalized spectra of the incident terahertz pulse and the pulse transmitted through the 5-m aperture probe with m (solid curve). The incident pulse is measured using a detector fabricated in the same manner as the near-field probes, but without the metallic screen.
The spectrum effectively broadens for apertures smaller than 20 m. The low-frequency part of the incident spectrum is suppressed by the aperture and the higher frequency components gain the relative weight in the pulse spectrum. For example, the spectrum of the pulse measured with the 5-m probe has its peak at 0.7 THz and FWHM THz, while the incident pulse with the peak at 0.52 THz has the FWHM THz.
In the time domain, the spectral deformation corresponds to changes of the pulse duration and the oscillation period. For example, the pulse transmitted through the 50-m aperture contains 2-3 cycles and extends in time to 2.1 ps (FWHM), while the pulse transmitted through the 5-m aperture is almost single-cycle and lasts only 0.9 ps (FWHM). As shown in Fig. 7(b) , the electric field of the pulse transmitted through the 5-m aperture also oscillates faster, compared to the incident pulse.
The weak transmission through a subwavelength aperture prevents the use of aperture sizes much smaller than 5 m. The noise level (shown with the dotted line in Fig. 7 ) is 30 times lower than the signal amplitude. The line crosses the noise level at -m. This establishes the potential limit of spatial resolution for our system. The amplitude of the signal is directly related to the amplitude of the incident pulse, and, in principle, a smaller aperture can be used with a more powerful source of terahertz pulses.
However, for a very small aperture, another factor should be considered. The metallic aperture screen allows a small fraction of the incident terahertz field to penetrate through the metal. This field does not contain the high spatial resolution information about the object, and, if it is comparable to the field coupled through the aperture, it would result in an image background. Therefore, the thickness of the metallic screen should be sufficient to attenuate the incident terahertz wave to a level lower than the signal transmitted through the aperture. In our case, the metallic screen is a 600-nm gold film. The penetration depth of gold at 0.5 THz is 50 nm. It is experimentally estimated from the measurements of transmission through 50-, 100-, and 200-nm-thick films on the GaAs surface. The measurements also showed that the gold film provides relatively uniform attenuation throughout the spectrum of the terahertz pulse. The total attenuation of the electric field due to the 600-nm film (including the surface reflections) is expected to be 10 . Therefore, the 600-nm gold screen is sufficient for near-field probes with apertures as small as 5 m. However, the thickness must be increased if a smaller aperture is used.
It should be noted that the law is only valid for larger than the metallic screen thickness, but much smaller than the wavelength. Bethe derived this power law in the long wavelength approximation ( ) for the infinitely thin metallic screen [17] . As the aperture size becomes comparable to the wavelength, the transmission coefficient saturates. We attribute deviation of the 50-m aperture transmission from the power law to this saturation, rather than an experimental error. The spectrum of the incident terahertz pulse extends to the short wavelength region. Spectral components with wavelengths propagate through the aperture without significant attenuation. The critical wavelength is 360 m for the 50-m aperture and 216 m for the 30-m aperture. For very small apertures, comparable to the screen thickness, the power law is not expected to hold either, since the screen cannot be approximated as infinitely thin and additional attenuation in the aperture needs to be included.
IV. IMAGE PROPERTIES
A. Probe-Sample Separation
The electric fields of high spatial frequency only exist in the proximity of the object (the evanescent fields) and decay over a distance comparable to the size of object features. To detect these fields, the near-field probe must be placed very close to the object. The aperture size resolution requires the probe-sample separation to be less than 3. The fast decay of the high spatial frequency fields is observed when performing the edge test for various separations between the probe and the object . The sharp edge profile smears as increases.
Another effect related to the probe-sample separation is interference of waves reflected by the probe and the sample surfaces. This effect results in a variation of the detected field as a function of the probe-sample separation. The metallic surface of the near-field probe reflects the incident terahertz field toward the sample surface, at which the pulse partially reflects and eventually falls on the probe again. The time-delayed reflections are detected by the probe, and the delay corresponds to multiple double-paths between two surfaces. If the probe-sample separation is larger than half of the terahertz pulse length in free space, then the reflections can be easily distinguished in the time domain. As the probe-sample separation decreases, the reflections start overlapping temporally. When the sample probe separation is smaller than 15 m (the delay between reflections is 0.1 ps), the reflections overlap constructively and the waveform is almost indistinguishable from that of the incident pulse, but the waveform amplitude increases as distance decreases. This effect is not related to the evanescent field and is completely described by the interference. An example of the approach curve measured when the time delay is fixed at the peak of the terahertz pulse is shown in Fig. 8 . The experiment is performed using the 10-m aperture probe ( m). A sapphire plate is chosen as the sample for the high dielectric constant. The solid line shows an approach curve calculated using the waveform of the incident terahertz pulse and the interference model. The calculations and the experimental data are in excellent agreement. We can emphasize two properties of the approach curve: the shape depends on the terahertz pulse waveform and the amplitude depends on the dielectric constant of the sample. Note that the variation of the signal is substantial due to the high reflectivity of the probe and sample surfaces.
In practical terahertz near-field imaging, the probe-sample separation is less than several micrometers. The waveform distortion due to interference is negligible at this range. However, the variation of the amplitude of the detected terahertz field can create an uneven background in the image if the separation is not maintained constant during the scan.
B. Evolution of Near-Field Images
The THz-TDS technique allows studying objects in the time domain by sampling the electric field of the terahertz pulse using short optical pulses. Contrary to continuous wave illumination, when an image pattern (which corresponds to the optical intensity) is stationary, images recorded using the THz-TDS system evolve in time. Object features respond to the electromagnetic field of the incident terahertz pulse differently depending on their shape, optical properties, and orientation.
In the series of images in Fig. 9 , we demonstrate the change of the electric field pattern with time. An object in this experiment is a gold dipole antenna embedded in a planar transmission line. A schematic diagram of the sample is shown in Fig. 9(a) . The antenna is lithographically printed on a sapphire substrate and consists of two sharp-ended 50-m-long arms, slightly shifted with respect to each other. The 20-m-wide striplines are separated by 105 m. The dipole arms are oriented parallel to the direction of polarization. The near-field images are obtained at consequent moments in time using the 10-m aperture probe ( m). Frames and (measured at ps and , respectively) correspond to the negative and positive peaks of the terahertz pulse waveform. The images are similar except for polarity. The dipole creates a shadow in the center, which extends slightly toward the striplines. The antenna pattern is barely recognizable in these images.
All object features develop well in frame ( ps), which corresponds to a moment between the negative and positive peaks of the terahertz pulse. Both the striplines and the dipole arms are clearly seen. However, the object parts oriented perpendicularly to the polarization direction appear brighter, and the parts oriented parallel to it appear darker with a higher contrast. Resolution is comparable in the both directions.
Frames ( ps) and ( ps) show another effect. The dipole arms are imaged as bright spots with high contrast. Both images correspond to moments when the peak of the terahertz pulse has already passed. However, the measurements show high electric field in the dipole region.
It is informative to consider the whole time-domain waveforms measured in various points of the object. The waveforms are quite different in the dipole region. They exhibit larger amplitude and temporal delay compared to the waveforms measured at a distance (150-200 m) aside from the antenna. As a result, the dipole appears glowing after the field of the incident pulse has decreased ( 0.2-0.5 ps). In addition, the temporal evolution of the field changes. It implies that the dipole, as a resonant structure, locally perturbs the incident terahertz field.
It should be mentioned that an image in collection mode is not a direct replica of the instantaneous electric field scattered by the object. The probe aperture alters the detected waveform. In principle, the original waveform can be extracted if the transfer function of the aperture is known. Despite the complex interaction between the object and the probe, Fig. 9 shows that the near-field technique allows high spatial resolution imaging using terahertz waves.
V. CONCLUSION
We demonstrate that the terahertz near-field scanning imaging technique is capable of sub-10-m spatial resolution. Significant improvement of resolution over the diffraction limit is possible owing to the efficient near-field probe design and the exceptional sensitivity of the THz-TDS technique. Spatial resolution of 7 m is experimentally demonstrated for broadband terahertz pulses (120-1500 m). The present studies consider only the collection-mode setup; however, the near-field probe can be used in illumination mode as well [10] .
Using the time-resolved measurements, two types of terahertz near-field images can be constructed: 1) time-domain frames of electric field; 2) chromatic images (amplitude and phase). The latter method opens the possibility for near-field spectroscopy at terahertz frequencies. The image acquisition time in this case increases considerably, since a complete time-domain waveform is measured for every pixel.
Near-field image formation and effects of interaction between the probe and objects still need to be studied in order to transfer this technique into a reliable characterization tool. In this respect, we would like to mention the finite-difference time-domain numerical method [12] , [19] , [20] , which can be used to simulate terahertz near-field images.
